ABSTRACT A mathematical model is presented that describes the effects of hormone concentration on receptor saturation and biological response in systems dependent upon the generation of a secondary mediator such as cyclic AMP. The analysis makes the following assumptions: (i) the binding of hormone to its receptor is a reversible, second-order reaction; (ii) the concentration of mediator that is generated is directly proportional to the number of membrane binding sites occupied by hormone; and (iii) the binding of the mediator with its intracellular receptor to generate an effector complex is also second-order and results in a propo onate biological response. It follows from this treatment that the hormone concentration required for half-maximal biological response is formally lower than that required for half-maximal receptor saturation and that the difference between these two concentrations will depend upon the ratio of total mediator generated at full receptor occupancy to the dissociation constant of the mediator with its receptor. Without invoking concepts of negative cooperativity, this model offers a simple explanation for discrepancies between receptor occupancy and biological response curves that are often observed. Moreover, the mathematical form of the predicted biological response curves conforms to the shape of the response curves observed experimentally in a wide variety of systems.
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The widespread availability of radiolabeled hormones has recently made possible a quantitative description of many hormone-receptor interactions. In studies of such interactions, comparisons are often made between the concentration of hormone required for half-maximal biological response ((4<), and the concentration required for half-maximal receptor occupancy (kI). In some cases these two concentrations are similar, but in many others (4 is much smaller than Kd (1) (2) (3) (4) (5) . Various approaches have been used to account for these latter differences. On one hand, it has been suggested that much of the observed hormone binding is either nonspecific or related to simple occupancy of hormone storage sites and that a large proportion of the measured receptors do not participate in the biological response (6) . On the other hand, several models have been devised that predict a nonlinear relationship between hormone binding by functional receptors and biological response (7) (8) (9) (10) .
In this paper we present a new mathematical model that addresses the dependence of receptor occupancy and biological response upon hormone concentration. This model, based on the assumption that interaction of a hormone with its receptor results in the generation of an intracellular intermediate that in turn interacts with its own intracellular receptor to effect a proportionate biological response, predicts differences in the concentrations required for half-maximal receptor binding and half-maximal biological response under a variety of conditions. Specifically, it leads to the conclusion that 14 must be lower than kd whenever the hormonal response is dependent upon the generation of an intracellular mediator such as cyclic AMP (cAMP).
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payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. 1366 mational change upon receptor occupancy that results in a direct change in membrane permeability), the hormone concentrations required for half-maximal receptor occupancy and halfmaximal physiological response should obviously be identical.
In contrast, as we shall show, discrepancies between fractional binding and fractional response are to be expected in other systems in which the hormonal response is instead dependent upon the generation of an intracellular mediator (e.g., cAMP), which must itself interact with some more distal receptor or effector mechanism (e.g., a protein kinase). Let K be the dissociation constant for the complex AB of any soluble secondary mediator A with its own intracellular receptor B and, for simplicity, let the steady-state intracellular concentration of A that is generated be directly proportional to The conclusion that follows from this treatment is that concern about discrepancies between hormone binding curves and corresponding physiologic response curves may be unwarranted. Because K4, = KKdJ(K + aR,), it follows that Ko, < Kd and, hence, that the physiologic response curve must lie "to the left" of the curve for receptor occupancy (Fig. 3) . The degree of displacement of the two curves will be given by -log K! (K + aR,) and, thus, will be determined by the ratio aR/K (Fig.  4) . Only when aR, << K will the fractional physiological response curve approach the curve for fractional receptor occupancy; any other values for aRt'5 K will lead to a separation of the two curves.
It is instructive to discuss this result briefly in nonmathematical terms considering, as an example, cAMP as the intracellular mediator and a protein kinase as the molecule with which cAMP interacts to effect the physiological response. If the cAMP concentration achieved at maximal hormone receptor occupancy is much less than the dissociation constant for the cAMP-protein kinase complex, the concentration of the latter complex, like that of cAMP itself, will be very nearly proportional to hormone receptor occupancy throughout the entire range of hormone binding; in such a case, the curves for fractional physiological response and fractional receptor occupancy will be virtually superimposable. If, at the other extreme, the cAMP concentrations generated can appreciably exceed the dissociation constant for the cAMP-protein kinase complex, a point will be reached well below full hormone receptor occupancy at which the protein kinase is saturated, and a further increase in cAMP concentration will not change the biological response. In this instance, the curves for receptor occupancy Proc. Nad Acad. Sci. USA 78 (1981) and response will be substantially displaced. ¶ One of the interesting consequences of the foregoing treatment is that the degree of displacement of the physiological response curve appears as an explicit function of total receptor number; in particular, for any given values of K and a, an increase in R, will produce a further shift of (I/(ImaX to lower concentrations of hormone. The presence of a large number of unoccupied ("spare") receptors at concentrations of hormone in the physiological range should not be regarded as anomalous: instead, because the absolute magnitude of the biological response (F) at any given hormone concentration increases continuously with the total number of receptors present (Eq. 2), a large receptor number provides the cell with heightened hormonal sensitivity (1, 4) .11
Several other models have been developed that also can account for differences between K and kd (7) (8) (9) (10) . In general, these analyses focus on the coupling between the receptorhormone complex and its target effector unit (e.g., adenylate cyclase). Whereas some of these approaches bear resemblance to the treatment described here, our model is considerably more simple and requires few assumptions. Although we have not addressed the question of negative cooperativity between receptor binding and hormone concentration, which has been explicitly treated by others (7) (8) (9) (10) (11) (12) , it should be noted that systems involving cAMP in general do not exhibit such cooperativity and that our model accurately predicts the mathematical form of the observed biological response curves. The above analysis assumed, for convenience, that the concentration of intracellular mediator generated is directly proportional to receptor occupancy at all concentrations of hormone. In the instance of cAMP, this relationship holds true for isoproterenol binding to turkey erythrocytes, where the curves for hormone binding and cAMP generation are superimposable and only the physiological response curve for monovalent cation transport is displaced (5) . In a contrasting example, it has been shown that cAMP formation in rat Leydig cells is not directly proportional to human choriogonadotropin (hCG; human chorionic gonadotropin) binding (3, 4) . Here, three separate concentration-response curves are observed, all of identical form but differing by their position along the abscissa: the half-maximal physiological response (testosterone production) occurs at the lowest hCG concentrations (==0.3 pM), cAMP generation is half-maximal at intermediate levels of hCG (==5 pM), and half- (3, 4) , /3-adrenergic agonists (5, 16) , corticotropin (adrenocorticotropic hormone) (17, 18) , lutropin (luteinizing hormone) (19) , glucagon (6) , and vasopressin (20) . The 
